Taxol, a plant-derived antitumor agent, stabilizes microtubules. Taxol 
Taxol's antitumor action is ascribed to its ability to block mitosis by binding and stabilizing microtubules (1, 2) . However, Taxol also triggers cellular responses that mimic those induced by a potent activator of the innate immune system, bacterial lipopolysaccharide (LPS), such as the induction of cytokines and the activation of kinases and transcription factors (3) (4) (5) (6) . Such responses are seen in macrophages and carcinoma and myeloma cells, and in cells of both mouse and human origin (7, 8) .
Three lines of evidence suggest the LPS-mimetic activity of Taxol is independent of binding to its known target, ␤-tubulin. First, macrophages from C3H͞HeJ mice, an LPS-hyporesponsive strain that carries a defective allele of the lps gene, have a normal response to Taxol's microtubule-bundling but not its LPS-mimetic activity (3) (4) (5) . In recombinant inbred lines between C3H͞HeJ and C57BL͞6J (an LPS-normoresponsive strain), responsiveness to the LPS-mimetic effects of Taxol cosegregates with responses to LPS itself, even though Taxol neither contains nor structurally resembles LPS (3) . Second, the LPS-like effects are cell cycle-independent and are not induced by certain analogs of Taxol, such as taxotere (Docetaxel), which bind ␤-tubulin with high affinity (9, 10) . Third, LPS antagonists inhibit Taxol's LPS-like actions but not its ability to bind microtubules (9) . In addition, Taxol does not bind CD14, a well characterized cell-surface LPS receptor (11) . Thus, Taxol is likely to bind a target(s) other than ␤-tubulin or CD14 that lies on a signaling pathway shared with LPS.
In low concentrations, LPS is the most potent known alarm to the immune system. In higher amounts, LPS induces systemic inflammatory response syndrome and the hallmarks of septic shock. Convergence of the LPS and Taxol signaling pathways provides an opportunity to gain insight into Taxol's actions. At the same time, identification of a shared component of these convergent paths may lead to better understanding of cellular responses to LPS. Evidence presented below identifies members of the heat shock protein (Hsp) 90 and Hsp 70 families as Taxol targets and implicates the Hsp 90 family in Taxol's LPS-mimetic effects as well as in LPS-mediated macrophage activation.
MATERIALS AND METHODS

Materials.
Recombinant human tumor necrosis factor (TNF) was from Genentech, I-B antibody was from Santa Cruz Biotechnology, monoclonal antibody against ␣-tubulin was from ICN, and ImmunoPure monomeric avidin agarose beads were from Pierce. Tritiated LPS from Escherichia coli K12 (Rb chemotype, specific activity 2 ϫ 10 6 dpm͞g) was from List Biological Laboratories (Campbell, CA). All other reagents were from Sigma. Macrophages were obtained as in ref. 12 . II-45, an analog of geldanamycin in which the NOC1 bond underwent methanolysis and an aminobutyl group was substituted at position 17, was synthesized and kindly provided by S. Kuduk and S. Danishefsky, Memorial Sloan-Kettering Cancer Center.
Biotinylation of Taxol. 7-␤-Alanyltaxol was prepared by the method of Nicolaou and co-workers (13) and reacted with 1.1 equivalents of N-hydroxysuccinimide biotin reagent, Biotin-XX-NHS (Calbiochem), in dimethylformamide containing 1.1 equivalents of triethylamine at room temperature for 12 h. Solvent was removed under reduced pressure, and the product was purified by preparative centrifugal chromatography on a Harrison Chromatotron, with precoated silica on aluminum sheets with gypsum (95:5 vol͞vol CH 2 Cl 2 ͞MeOH), visualized with 5% phosphomolybdic acid in absolute ethanol, and characterized by standard analytical methods, including 1 H NMR and 13 C NMR (Bruker AMX-400) (data available on request).
Affinity Purification of Taxol-Binding Proteins. RAW 264.7 lysate was prepared by freezing and thawing of 10 9 cells in 20 mM Tris⅐HCl, pH 8.0͞140 mM NaCl͞10% (vol͞vol) glycerol͞ 0.05% Triton X-100 containing 1 mM each of EDTA, dithiothreitol (DTT), and phenylmethylsulfonyl fluoride (PMSF) and 5 g͞ml each of aprotinin, leupeptin, pepstatin, and chymostatin (protease inhibitors); clarified at 15,000 ϫ g; and precleared over a monomeric avidin column. Portions of The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
PNAS is available online at www.pnas.org. This paper was submitted directly (Track II) to the Proceedings office. Abbreviations: EMSA, electrophoretic mobility-shift assay; Hsp, heat shock protein; LPS, bacterial lipopolysaccharide; MALDI-reTOF MS, matrix-assisted laser-desorption͞ionization reflectron time-of-flight mass spectrometry; TNF, tumor necrosis factor. ʈ To whom reprint requests should be addressed at: Weill Medical College of Cornell University, Box 57, 1300 York Avenue, New York, NY 10021. e-mail: ahding@med.cornell.edu. precleared lysate (5.2 mg of protein each) were incubated with 100 g͞ml each Taxol (117 M), biotinylated Taxol (73 M), or biotin (400 M). Complexes formed overnight at 4°C were applied to avidin-agarose columns, washed with phosphatebuffered saline (PBS) followed by PBS͞0.6 M NaCl, reequilibrated with PBS, eluted with 4 mM biotin in PBS, and concentrated. Mouse brains were homogenized in 0.1 M Pipes, pH 7.0͞10% glycerol containing 1 mM each of EGTA, MgSO 4 , Na 3 VO 4 , PMSF, and DTT and 5 g͞ml each of protease inhibitors; centrifuged; clarified; and precleared. Precleared homogenate (25 mg of protein) was used for affinity purification as above.
Mass Spectrometry. Chromatographically isolated Taxolbinding polypeptides were separated by SDS͞PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell). Bands visualized by amido black stain were subjected to tryptic digestion in situ (14) . The resulting peptide mixture was loaded onto 2 l of Poros 50 R2 (PerSeptive Biosystems) reversedphase beads packed into an Eppendorf gel-loading tip and eluted stepwise with 4 l of 16% (vol͞vol) (and then with 4 l of 30%) acetonitrile͞0.1% formic acid. The ''16%'' and ''30%'' peptide pools were each analyzed twice by matrix-assisted laser desorption ionization-reflectron time-of-flight mass spectrometry (MALDI-reTOF MS), in the presence and absence of peptide calibrants (15) , using a Reflex III (Brüker-Franzen) instrument equipped with a gridless pulse-extraction ion source with a 2-GHz digitizer and operated in reflector mode. Spectra were obtained by averaging 150 scans under constant irradiance. After recalibration with internal standards, monoisotopic masses were assigned for all prominent peaks and a peptide mass list was generated to search a nonredundant protein database (NRDB; European Bioinformatics Institute, Hinxton, U.K.) using the PEPTIDESEARCH (16) algorithm. For the 86-kDa polypeptide, only the ''30%'' pool was used because the masses obtained from the ''16%'' pool overlapped.
Taxol Binding by Pure Hsps. Human Hsp 90␣ was expressed in insect cells from a baculovirus vector. Hsc 73 was purified from bovine brain (17) . Ten micrograms of protein was incubated with 10 M biotinylated Taxol in binding buffer (20 mM Tris⅐HCl, pH 7.4͞140 mM NaCl͞10% glycerol͞1 mM EDTA͞1 mM DTT) in a total volume of 50 l for 6 h on ice (input) before addition of 20 l of monomeric avidin beads and incubation overnight at 4°C. The beads were washed with 20 vol of binding buffer four times and eluted with 80 l of binding buffer plus 2 mM biotin at room temperature for 3 h (elute). The samples were fractionated by SDS͞PAGE and silver-stained.
Electrophoretic Mobility-Shift Assay (EMSA). HeNC2 macrophages (12) were preincubated with geldanamycin, II-45, or matching concentrations of DMSO vehicle for 4 h before incubation with 10 M Taxol, 10 ng͞ml LPS, or 100 ng͞ml human recombinant TNF for 30 min. Nuclear extracts were prepared and incubated with a probe prepared from the promoter of inducible nitric oxide synthase (18) .
Northern Analysis. Total RNA (25 g) from RAW macrophages was pretreated with or without geldanamycin or II-45 (5 M each) for 2 h, followed by a 90-min incubation with 10 M Taxol or 10 ng͞ml LPS. Samples were electrophoresed, transferred to nylon membranes (NEN), and hybridized with 32 P-labeled TNF and ␤-actin probes sequentially. Immunoblotting. HeNC2 cells were incubated with 10 M geldanamycin or corresponding concentrations of DMSO for the indicated times, lysed in RIPA buffer with protease inhibitors, separated by SDS͞PAGE, transferred to nitrocellulose membranes, and blotted with antibodies for p50, p65, and I-B.
Microtubule Bundling. Thioglycolate-elicited mouse peritoneal macrophages were cultured on coverslips with or without 10 M geldanamycin for 1 h followed by 10 M Taxol for 2 h. Coverslips were fixed in 100% ice-cold methanol and stained with an anti-␣-tubulin antibody followed by donkey anti-mouse IgG conjugated with Texas red.
Native PAGE. Proteins (1 g) and sonicated [ 3 H]LPS (50 ng) were mixed in PBS with 1 mM EDTA and incubated at 37°C overnight. Samples were separated on 8% Tris-glycine polyacrylamide gels with running buffer containing 24 mM Tris͞192 mM glycine, pH 8.3. Gels were fixed in 30% methanol͞8% acetic acid͞62% water for 1 h, soaked in EN 3 HANCE (DuPont NEN) for 1 h, rinsed, dried, and exposed to Kodak XAR film. Alternatively, gels were silverstained.
RESULTS
To identify Taxol-binding polypeptides, we generated a site on Taxol that allowed elution from a solid-phase matrix independent of the interaction between Taxol and its binding polypeptide(s). Biotin was linked covalently to Taxol through a spacer at position 7, the only position at which substitutions permit retention of LPS-mimetic activity (10) . Biotinylated Taxol (Fig. 1A) , biotin, or Taxol was incubated with lysates of a macrophage cell line (RAW 264.7) or with mouse brain homogenates and passed through a monomeric avidin column (Fig. 1B) . After extensive washing, specific Taxol-binding polypeptides were eluted with biotin. Polypeptides of apparent molecular mass of 90, 70, 50, and 35 kDa from mouse macrophages and these plus several additional species from mouse brain were visualized in silver-stained SDS gels of eluates from the mixtures containing biotinylated Taxol (Fig.  1C ). All these polypeptides were absent from elutions of columns loaded with mixtures of lysates plus unmodified Taxol or biotin, ruling out that we had purified agarose-, avidin-, or biotin-binding proteins.
Major bands from mouse brain were subjected to tryptic digestion in situ (14) . The resulting peptide mixtures were microcolumn purified and subjected to MALDI-reTOF MS (14-16). The 16 major peptide masses obtained from the spectra of the 70-kDa polypeptide (Fig. 2 A and B) were used as a fingerprint to query a nonredundant protein sequence database with requirements of a mass accuracy of 50 ppm or better and no more than one missed cleavage site. A single match was made, with 31% sequence coverage, conclusively identifying the 70-kDa polypeptide as the heat shock cognate 71-kDa protein (Hsp 71, Swiss-Prot P08109). The 90-kDa polypeptide was identified by using the same approach (Fig.  2C) ; 11 major peptide masses obtained were used to query the database and yielded one match, the tumor-specific transplantation antigen-presenting 86-kDa protein (Hsp 86, Swiss-Prot P07901) with 14% sequence coverage. A minor 55-kDa species was identified as ␤-tubulin, the only known target for Taxol (19) . Hsp 71, Hsp 86, and ␤-tubulin were also identified from mouse macrophages by MS (Hsp 71) and by immunoblotting (Hsp 71, Hsp 86, ␤-tubulin) (data not shown). Proteins constituting most of the other bands purified by this technique were also identified by peptide mass fingerprinting, but only for Hsp 71 and 86 have we confirmed that their binding to Taxol is direct, and for Hsp 86 consequential, as shown below.
Hsp 71 and Hsp 86 are constitutively highly expressed members of the Hsp 70 and Hsp 90 heat shock protein families. In cells, they form complexes with each other and additional proteins (20) . Therefore, it was important to see whether Hsp 71 and Hsp 86 each bound Taxol independently or by means of bridging proteins (20) (21) (22) . Purified bovine Hsc 73, the homolog of Hsp 71 (86% amino acid identity), and pure, recombinant human Hsp 90␣, the homolog of Hsp 86 (99% amino acid identity), were incubated alone or together in the presence of biotinylated Taxol, and the complexes were purified on monomeric avidin-agarose beads. Hsp 90␣ and Hsc 73, but not ovalbumin, each bound independently to Taxol and were eluted specifically with biotin (Fig. 3 ). The Hsp 90 family is the only known specific target for the antitumor antibiotic geldanamycin (23) , and human Hsp 90␣ has been crystallized with this inhibitor (24) . Geldanamycin inhibits processes that require functional Hsp 90, such as regulation of endothelial nitric oxide synthase (25) and activation of src-tyrosine kinases (26) and steroid receptors (27) . If Hsp 90 were important in Taxol signaling, geldanamycin might block Taxol-induced macrophage activation. Indeed, geldanamycin blocked the ability of Taxol to activate macrophage NF-B (Fig. 4A) , and this effect was dose-dependent (Fig. 4B) . In contrast, even at 10 M, geldanamycin did not inhibit activation of NF-B by TNF (Fig. 4A) , a stimulus that (Fig. 4A) . Moreover, inhibition of NF-B activation by geldanamycin was not due to degradation of NF-B, because incubation with geldanamycin did not affect cellular levels of p65, p50, or I-B (Fig. 4C) . Another LPSmimetic activity of Taxol, induction of TNF expression in macrophages, was also inhibited by geldanamycin but not its analog II-45 (Fig. 4D) . Pretreatment with 10 M geldanamycin had no effect on Taxol-induced microtubule bundling in macrophages (Fig. 5) . This showed that the inhibitory effect of geldanamycin was restricted to the LPS-mimetic subset of Taxol's actions and argued that geldanmycin was unlikely to interact with Taxol directly.
Since Hsp 90 was necessary for Taxol-induced macrophage activation, we asked whether Hsp 90 bound to LPS and whether it was involved in mediating macrophage activation by LPS. Radiolabeled LPS bound directly to Hsp 90, and unlabeled LPS competed for this binding (Fig. 6A) . Moreover, geldanamycin, but not II-45, inhibited LPS-induced NF-B activation (Fig. 6B ) and TNF gene induction (Fig. 6C ).
DISCUSSION
Hsps have numerous functions, such as helping proteins fold and presenting peptides to the immune system (28, 29) . The Hsp 90 family appears to be unique, in that most of its known cellular targets are signal transducers-tyrosine kinases, serine͞threonine kinases, transcription factors, and steroid receptors-whose structural instability is intrinsic to their action as molecular switches. The inactive forms are protected by binding to Hsp 90, whereas the active forms are stabilized by binding to specific activators (26, 27, 30) . The interaction of geldanamycin with Hsp 90 causes some signaling molecules to be displaced and adopt an inactivatable conformation (31, 32) . teins, or bound to soluble CD14, is transferred monomerically to cell-surface CD14 by the enzyme LPS-binding protein (36) (37) (38) . Three processes ensue whose mutual relationship is undefined, although each is essential for LPS signaling and each is lps gene-dependent. First, monomeric LPS is rapidly internalized into nonlysosomal vesicles that subsequently converge on the Golgi complex (39) (40) (41) (42) . Second, numerous kinases and other enzymes are activated and transcription factors are mobilized (43) . Third, the IL-1 receptor-like region of the intracellular domain of Toll-like receptors binds MyD88 and IL-1 receptor-associated kinase(s), leading to activation of TRAF6, NF-B, and AP-1 (44) (45) (46) . The present work suggests that Hsps may provide a link among these processes. One possibility under investigation is that Hsps could participate in LPS trafficking and signaling. Thus, Hsps on the surface and͞or in the cytosol of mammalian cells might bind bacterial LPS, just as Hsps on the surface of bacteria bind certain mammalian glycolipids (47, 48) . In this view, Hsps, which are highly conserved, may function bidirectionally in bacterialeukaryotic recognition. Structural studies of Taxol's interaction with Hsps will be of interest to help explain how two antitumor drugs, geldanamycin and Taxol, can each bind specifically to Hsp 90 family members and exert predominantly inhibitory and predominantly stimulatory cellular actions, respectively. For example, geldanamycin blocks the action of endothelial nitric oxide synthase (49) , whereas Taxol enhances the expression of inducible nitric oxide synthase (50) . It will also be important to determine whether LPS interacts with Hsp 90 in the same manner as Taxol.
In sum, Hsp 71 and Hsp 86 are cellular targets for Taxol. Hsp 86 mediates at least some of the LPS-mimetic actions of Taxol and the activation of macrophages by LPS itself. These findings enlarge Taxol's molecular pharmacology, suggest an additional function for Hsps, and open a fresh line of investigation into the mechanism of action of LPS.
Note Added in Proof. After this paper was submitted, Rodi et al. (51) reported using phage-displayed peptides to identify Bcl-2 as a Taxolbinding protein. Bcl-2 was not among the proteins identified in the present study.
